A model for interpreting electron beam induced current (EBIC) measurements is presented, which applies when recombination within the depletion region is substantial. This model is motivated by cross-sectional EBIC experiments on CdS CdTe photovoltaic cells (prepared by cleaving, or focused ion beam milling). The experimental results clearly show that the maximum efficiency of carrier collection is less than 100 % and varies throughout the depletion region, contrary to the assumptions of most models used to interpret EBIC data. We describe a model which relaxes these assumptions by including recombination in the depletion region. We find that our model can reproduce experimental results only if the mobility-lifetime product fJ,T is spatially varying within the depletion region.
I. INTRODUCTION
Quantitative determination of electronic properties at high spatial resolution is crucial for the development of high efficiency solar cells. Electron beam induced current (EBIC) is a powerful technique in which electron-hole pairs are created in proximity to an exposed surface, and the carrier collection efficiency is measured as a function of excitation position [1] . EBIC has enjoyed longstanding use as a diagnostic tool for measuring key material properties such as the minority carrier diffusion length. However, for complex polycrystalline materi als such as CdTe, EBIC signals can be difficult to interpret. In practice, the subset of experimental features which conform to established models of EBIC are interpreted within these models, while anomalous features are ignored or discarded.
One feature of the EBIC signal which we consider here is the internal quantum efficiency, which is given by the ratio of the collected current to the total electron-hole pair generation rate. We find its maximum can be well below 1 for materials such as CdTe. A reduced internal quantum efficiency in CdTe has also been observed for optical excitation experiments at strongly absorbed wavelengths [2] , where most electron-hole pair generation is within the depletion region. A simple estimate reveals that even a small reduction in quantum efficiency within the depletion region implies a large reduction in the mobility-lifetime product fLT: The recombination decay length in the presence of the internal field E is fLT E. The recombination within the depletion width Lw is therefore ex exp( -Lw /(w E)). For typical internal fields of 10 4 V /cm and depletion widths of 1 fLm, a quantum efficiency of 0.9 requires a fLT on the order of -1 / 10g (O.9) x (Lw/E);::: :: 10-7 cm2/V. For wavelengths with absorption lengths less than 1 fLm, the estimate for fLT is even further decreased.
Previously developed models of EBIC experiments assume that fLT is large enough to ensure that all carriers generated 978-1-4799-4398-2/14/$31.00 ©2014 IEEE in the depletion region are collected (or that the maximum internal quantum efficiency is 1) [3] . We present experimental results for which this condition is not satisfied, and develop a model which includes recombination with the depletion region. We find that the model is consistent with experimental results if we assume a spatially varying fLT.
II. EXPERIMENT
We first describe the cross-sectional EBIC measurements performed on CdS-CdTe photovoltaic cells. The nominal thick ness of the CdTe layer is 2 fLm. The samples are prepared by two methods: cleaving and focused ion beam (FIB) milling. The FIB process was performed with a 30 ke V Ga beam of duration of approximately 2 minutes, resulting in a smooth surface over the milling area. Acquisition of EBIC at different electron energies was performed with an Indium contact on n-CdS and a metal probe tip on Au/Cu/p-CdTe. We present results in terms of the EBIC efficiency T), defined as the ratio of the measured current to the total generation rate of electron hole pairs Gtot. This generation rate is estimated as [4] :
where heam is the electron beam number current, Ebeam is the beam energy, Eg is the material bandgap, Eo = 1 eV, and b is the backscattering coefficient (b is determined by Monte Carlo calculations). The beam energy is varied between 5 keY and 20 keY. We estimate 10 % uncertainty in the measured EBIC ratio. The dominant sources of uncertainty are from the beam current, and from the inhomogeneous material composition which renders our Monte Carlo simulation (performed for pure CdTe) for backscattering approximate, as well as introducing uncertainty in the bandgap used in Eq. l. We omit the error bars in the data for clarity, but have included them in the fitting parameters' values.
Figs. l(a) and l(c) show the EBIC efficiency of CdTe solar cells as a function of distance from the CdS-CdTe metal lurgical junction, for the cleaved and FIB-prepared samples, respectively (the profile is taken from a single grain). The maximum collection efficiency is clearly less than 1, and varies throughout the depletion region. To estimate the maximum collection efficiency and diffusion length, we first fit the data to the model depicted in Fig. 2 . This model is well-established, and has been applied in many previous studies [3] , [5] . Briefly, the model assumes a constant collection efficiency CPo within the depletion width Lw (CPo is usually taken to be 1, here we take it as a free parameter), and a collection probability which decreases exponentially (with a length scale of the minority carrier diffusion length LD) from the depletion region edge. The model accounts for recombination from the bulk, the exposed surface, and the back contact. The measured EBIC signal for an electron beam positioned at Xo is the convolution of the collection probability function cP( x) and the generation profile of electron-hole pairs G(x, Xo, Ebeam) (note that this profile depends on the beam energy Ebeam). We use a parameterized form for G (x, XO, Ebeam) from Ref.
Energy [keV]
[6], and have checked that it agrees well with Monte Carlo simulations. Fig. 2 shows G(x, Xo, Ebeam) for Xo = 1.5 /Jm and Ebeam = 15 keY.
We perform least-squares fitting of the data of Fig. 1 with the convolution of cP(x) and G(x, Xo, Ebeam) to determine Lw, LD, cPo, and the back contact recombination velocity. LD and cPo are energy-dependent because the excitation pro file's proximity to the surface (and its associated increased recombination) is energy-dependent. We find a depletion width Lw = 0.3±0.03 /Jm, which is much lower than the depletion width measured with impedance spectroscopy [7] , and lower than the expected value given the nominal sample doping (10 1 5 cm-3). The maximum collection efficiency for cleaved samples is shown in Fig. lb . It is weakly energy-dependent and well below 1. For the FIB-prepared sample (Fig Id) , cPo and LD are strongly energy-dependent due to substantial surface damage from the FIB process. Modeling the FIB induced surface damage is beyond the scope of the present work, and will be presented elsewhere. 
:g: The maximum collection efficiency we measure here is consistent with that measured using a top-down EBIC ge ometry (not shown). We have additionally performed cross section and top-down EBIC measurements on Si solar cells, and found cPo = 1 within uncertainty, and values of Lw and LD which agree with the expected results. We conclude that the cPo = 0.7 ± 0.05 is indicative of a real material property for this CdTe sample. This indicates that an appropriate model must include recombination within the depletion region.
III. JUNCTION RECOMBINATION MODEL
To inform the construction a model of EBIC which includes junction recombination, we first perform finite-difference sim ulations on a full p-n junction. The simulation consists of standard coupled continuity equations for electrons and holes, Shockley-Read-Hall recombination (with equal bulk lifetime Tbulk for electrons and holes), and the Poisson equation. Fig. 3 shows the electron and hole densities for a point source excitation at position Xo = 0.35 /Jm. We find that the electron and hole densities are equal at the excitation point. Equal electron and hole densities occur when photo-generated minority carrier density exceeds the local equilibrium majority carrier density. We give the conditions for this to hold later; for now we take it as an assumption. This assumption means that the model given only applies to the interior of the depletion region.
We only present analysis of the hole carriers here -the treatment of electrons is identical. For the example shown in Fig. 3 , holes are majority carriers to the right of the excitation position, and minority carriers to the left. We find that as minority carriers, holes drift, diffuse, and recombine, while as majority carriers, holes simply drift. The schematic of the resulting model for holes is shown in Fig. 3b . For the derivation of an analytic form of the EBIC effi ciency, we take the excitation to be a delta-function located at Teff where D is the hole diffusivity, and Teff = ,BTbulk. ,B varies between 1 (if P « n) and 2 (if P = n); this follows from the form of Read-Shockley-Hall recombination. We take ,B = 1. 75 in the reminder of the paper. The continuity equation for holes in the region to the right of the excitation is:
We assume that axE is negligible, or that the electric field varies slowly as compared to the variation of the charge den sities. The solution is specified by three boundary conditions:
1. the carrier density goes to 0 as x ---+ -00 , 2. the density is continuous at the excitation point (assumed to be positioned at x = 0), and 3. the current is discontinuous at the delta-function excitation point:
The solution PI (x) which satisfies these conditions is:
where! (x) = (qWeffE ( X ) 2) / ksT (here ks is the Boltz mann constant and T is temperature). In the form given here, we take only the electric field to be spatially-dependent. Later on, we will also allow the parameters J.L and T to vary spatially.
The total recombination Rtot is the integral of 2P 1 (x) / Teff over x. The factor of 2 arises because an equivalent treatment of electrons applies, doubling the recombination contribution from the holes presented here. The EBIC efficiency is given by (Gtot -Rtot). This leads to the following form of the EBIC response:
Eq. 7 is the main theoretical result of the paper.
To test the accuracy of the assumptions underlying the analytical model, we compare its prediction to that of the full simulation of an EBIC experiment. The results are shown in Fig. 4 , which indicates that the analytical model works very well. The analytical model breaks down when the densities of electron and holes at the excitation point are not equal. The maximum minority carrier density is given by:
Pmax (x) = J.L ;�x ) ( 1 + V1 :4/!( X )) ' (8) Eq. (7) applies when Pmax (x) exceeds the majority equilib rium density. This condition is satisfied within some interval of the equilibrium "neutral point" -the point with equal electron and hole equilibrium densities. The size of the interval for which the nonequilibrium electron and hole density are equal at the excitation point is determined by G. The precise expression is cumbersome, so we omit it for brevity but note that for uniform excitation density of 1 sun (1 02 1 cm-3 8-1 ), the size of this region is on the order of 300 nm around the neutral point. In our EBIC experiments, the local excitation is much more intense than this. We estimate that the region for which the EBIC excitation leads to equal electron and hole densities at the excitation point covers most of the depletion width.
We note that the signal in Fig. 4 nearly vanishes past x = 1 J.Lm. To suppress the maximum collection efficiency, recombination rates must compete with very fast drift ve locities, and must therefore be quite short. Away from the internal field, these fast recombination times strongly reduce the signal. This abrupt decay of 7] ( x) is at odds with the experimental data of Fig. 1, which show a signal which decays well into the neutral region. This model therefore requires spatially dependent J.LT to conform to the experimental data: a J.LT which is small near the junction and and increases further into the CdTe layer. A spatial dependence of this quantity is to be expected: SIMS measurements have shown a substantial degree of alloying within 0. 2 J.Lm to 0. 4 J.Lm of the metallurgical junction (resulting in a CdTe-CdS alloy) [9] , and the distribution of impurities has been observed to vary substantially with position [10] . We next apply the model developed in the previous section to the experimental data. Using the measured EBIC efficiency of Fig. 1 --e--simulation --analytic 0.8 Fig. 4 . A comparison between the full simulation results and the analytic formula for the EBIC response. Model parameters are given in the caption of Fig. 3 .
the dimensionless f(x) = (J.LTqE (X) 2 ) IksT. This is shown in the green curve Fig. 5 . The inset shows the EBIC signal profile, and the red portion of the curve is the region to which we apply this model (recall this model applies in the depletion region, where the photogenerated electron and hole densities are approximately equal). If E(x) is known, the spatial profile of J.LT can be determined. We assume the spatial profile of E(x) to be the standard form:
E where x p = v2EVbiiNA (here Vbi is the built-in potential, and N A is the acceptor density of p-type region). The general range of values we obtain for J.LT for this sample is quite low -on the order of 10-1 0 cm2 IV. This can be compared with measurements using time-of-flight techniques, which estimate J.LT = 10-8 cm2 IV [8] . Analysis of a different sample is shown in Fig. 6 , where we find somewhat larger values of J.LT.
Our initial impression is that these low values indicate that there may be other important physics to consider in analyzing the data. We have additionally considered the effects of high charge injection; this analysis will be presented in a later work, but we find a weak dependence of the signal on beam current, indicating that this is not the likely explanation. We consider this model therefore a first step in understanding all of the features of EBIC data on a quantitative level.
IV. CONCLUSION
We've presented a critical examination of cross-sectional EBIC data on CdS-CdTe photovoltaics, with the main observa tion that the maximum collection efficiency is less than 100 %.
This implies that there is substantial recombination within the depletion region -an effect which is not included in most models of EBIC experiments. We develop a model of EBIC j(x) is shown in blue (note that for the y-axis label, Vt = kBT/q). In order to extract an estimate of the spatially dependent f.tT, a standard electric field profile in the junction is assumed(see text for its explicit form), with which includes recombination within the depletion region, and find that the model is consistent with experimental results only if there is spatial variation in J.LT throughout the depletion region. Application of this model leads to values of J.LT which are quite low (on the order of 10-9 cm2 IV), indicating that there may be other important physics that should be included in more refined models of EBIC in complex, polycrystalline materials.
